Observations during high discharge conditions in a 3-km reach of the Hudson River estuary indicate a significant contribution of tidal pumping, i.e., correlation between tidal variations in salinity and velocity. Based on measurements of velocity and salinity at several cross-sections, tidal pumping is found to be larger than the upstream salt flux due to the estuarine circulation. Similar measurements, obtained in the same reach of the estuary during low discharge conditions, indicate that tidal pumping is insignificant relative to the salt flux due to estuarine circulation. The tidal pumping during high discharge conditions is caused by large vertical excursions of the halocline that are correlated with the tidal flow. The excursions may be explained by the hydraulic response of the stratified flow to a lateral constriction.
Introduction
The seaward advection of salt in estuaries due to the river outflow is balanced in the mean by landward fluxes due to spatial and temporal correlation of velocity and salinity. Among the various contributors to the upstream flux, the major terms are generally the estuarine circulation, i.e., the vertical (and sometimes lateral) variations of tidally averaged velocity and salinity, and tidal pumping, i.e., temporal correlation of velocity and salinity [Uncles et al., 1985, Lewis and Lewis, 1983] . Tidal pumping has long been recognized to be an important contributor to horizontal exchange, and a number of physical mechanisms have been described to explain tidal pumping in various flow regimes. Stommel and Farmer [1952] showed that flow separation at the mouths of estuaries results in higher salinities during floods than ebbs, thus producing a net landward salt flux. Schijf and Schonfeld [1953] and Okubo [1973] developed the concept of "tidal trapping", in which fluid parcels are advected into lateral "traps" during one part of the tidal cycle and out in another, resulting in a net upstream salt transport. Oscillatory shear dispersion [Smith, 1977; Fischer et al., 1979 ] is a mechanism for tidal pumping that is important when the timescale of vertical or transverse mixing is comparable to the tidal timescale. [1986] showed that tidal pumping can result from abrupt changes in cross-sectional area in an estuary. Based on their analysis, the tidal pumping can be equated to the difference between the Lagrangian salt flux (defined by a reference frame that moves landward and seaward with the tidal prism) and the Eulerian salt flux, i.e., that it represents a local Stokes transport of salt [see also Jay, 1991] . This type of mechanism differs from other tidal pumping mechanisms in that it is inherently advective; in fact it can be considered as a distortion of the Eulerian circulation by spatial and temporal fluctuations in the structure of the flow.
Buoyancy Effects on Coastal and Estuarine Dynamics
The observational evidence for tidal pumping in different estuaries shows considerable variability in the magnitude of tidal pumping compared to the other mechanisms of salt flux. Hughes and Rattray [1980] found that tidal pumping was the dominant contributor to landward salt flux in a section across the Columbia River estuary during high discharge observations, and that it was comparable to estuarine circulation during low discharge conditions. Lewis and Lewis [1983] found longitudinal variations in the relative contribution of tidal pumping to the total flux, with the maximum values of tidal pumping occurring near constrictions. Hunkins [1981] found that tidal pumping in the Hudson River estuary was generally small, and in one instance there was significant out-estuary salt flux by tidal pumping, opposing the tendency of the mean salinity gradient. Some recent observations in the Hudson River estuary indicate a large contribution of tidal pumping during strong stratification conditions, and negligible pumping during moderate stratification conditions. The tidal pumping results from tidal variations in the depth of the halocline that are correlated with the horizontal velocity. The variations in halocline depth appear to result from the internal hydraulic response to a constriction. A two-layer analysis shows that the tidal pumping of salt is simply the result of distortion of the mean, estuarine salt transport by the vertical variations in halocline elevation. The mechanism is consistent with Dronkers and van de Kreeke's [1986] theory for the influence of abrupt changes in topography on the salt flux.
Observational Program
The lower Hudson River estuary extends approximately 30 km northward from New York Harbor to Tappan Zee (Figure 1) . It is unusually straight, owing to the north-south trend of a resistant rock formation, the Palisades, which lies along the west bank of the river. The crosssectional area of the river is also nearly uniform along the estuarine reach. The estuary is moderately stratified, with a vertical salinity difference of 3-10 psu [Abood, 1974] Estimation of the net salt flux was based on harmonic analysis of the velocity and salinity data, using mean, semi-diurnal, quarter-diurnal, and sex-diurnal components [see also and Signell, 1990 ] to yield a periodic approximation of the data. This technique is insensitive to slight deviations from a 12.4 hour tidal cycle, in contrast to simple averaging to obtain the tidal residuals. A depth-proportional (or "sigma") coordinate was used in the vertical to yield a temporally continuous representation of the salinity and velocity data from surface to bottom. This approach separates the barotropic Stokes drift from the tidal pumping, in contrast to estimates based on a fixed vertical coordinate, in which they are combined.
Neglecting small contributions due to triple correlation of sea-level, velocity and salinity, the salt flux can be partitioned as where Qs is the total salt flux, uf is the cross-sectionally averaged velocity due to the river outflow, So is the temporally and cross-sectionally averaged salinity, the tildes (3 represents variations from the time mean, the primes represent deviations from the spatial mean, the overbars indicate cross-sectional averages, and the angle brackets indicate tidal-cycle averages. The first term on the right hand side is the mean, barotropic salt flux (due in general to riverine outflow), the second term is the spatial correlation of salinity and velocity (due principally to the estuarine circulation), the third term is the cross-sectional mean tidal pumping contribution, and the fourth term is the tidal pumping due to deviations from the cross-sectional mean. Note that the influence of barotropic Stokes drift does not appear directly in Equation 1, because uf represents the mean Lagrangian outflow, i.e., the sum of the Eulerian velocity and the Stokes drift. in contrast to the 1•2 dat• tidal pumpin8 was found to be quite pronounced (Table 1, Figure ? ). ]n fact, salt Qux associated with tidal pumpin• was 2-3 times the magnitude of that due to cstuarinc circulation. Observations at three diCerent cross-sections durin8 the 1 •3 observations all showed a dominance of tidal pumpin8 over cstuarinc circulation (Table 1) During the flood, the conditions were also supercritical; however the hydraulic response was greatly reduced from the ebb conditions. This is due to the reduced vertical shear during the flood, which rendered both layers nearly equal in their hydraulic response to the constriction, effectively canceling out the vertical response of the halocline.
Results

During the
The downward displacement of the halocline during the ebb due to the hydraulic response to the constriction provided a local mechanism for tidal pumping. It resulted in lower salinities in the middle part of the water column during the ebb than the flood, and thus yielded a net contribution to tidal pumping. It should be noted, however, that this mechanism makes only a local contribution to the salt flux. In wide parts of the estuary (such as km 
Summary
This study provides observational evidence for tidal pumping in a lateral constriction in a moderately stratified estuary. The magnitude of tidal pumping exceeded the estuarine circulation in this reach during one observational period, but the tidal pumping 
